INTRODUCTION AND BACKGROUND
This paper is an exploration of the current efforts being conducted at the US Army Aviation and Missile Research, Development and Engineering Center. The initial work for this research was presented at the 2004 IEEE Aerospace Conference in a paper titled "Phased Arrays using DualWafer Fabrication / High-Integration Processes", Janice C. Rock. Early surveys of industry and academia to determine the state-of-the-art in phased array systems showed that the major barriers impinging upon continued wafer-level component integration (along with the radiating elements associated with the array) included heat dissipation and thermal management, packaging, shielding of radiation from micro-or nano-electronic circuitry, and quantification of any electromagnetic interactions between radiating elements and the semiconductor substrate. In addition, the possible benefits of RF MEMS, when used to create phasing networks, are an exciting area of research which is constantly being monitored throughout this effort.
A complete system-level integration of an entire millimeterwave active array using semiconductor substrates will result in higher overall performance with lower losses. The highintegration, single packaging of Phased Array Modules (PAMs) will result in an overall effective gain due to the reduction of loss experienced due to multiple packaging of individual components or subcomponents. Mono-package fabrication greatly reduces the losses experienced by single component packaging.
For example, a single MEMS switch, at die level, typically exhibits a 0.2 dB loss. Once packaged, the switch exhibits an approximate loss of 2 to 2.5 dB.
The current research effort involves the design of Ka-band antenna elements on semiconductor substrates. The use of such high dielectric constant substrates presents difficulties in antenna design. Multiple design iterations are on-going at the present time. The paper will present data on the current antenna design, along with radiation patterns, characterization parameters and issues associated with the integration of radiating elements. Additional research in the area of semiconductor antennas and heat dissipation methods will be discussed and is expected to occur over the next year as additional effort is made to overcome the technological barriers against system-level integration for phased arrays.
PHASED ARRAY SYSTEMS
For completion, the following background on phased array systems, their benefits and components has been included in this paper. This information, with some minor changes, was taken from the 2004 IEEE Aerospace Conference paper given on this research subject [1] .
A phased array antenna system is a compilation of several radiating elements set at a specific distance from each other to enhance the final radiation beam formation. By changing the phase of each of the radiating elements, it is possible to steer the beam to a desired position very quickly and without the need for mechanical positioning. A more complete introduction to phased array systems can be found in [1] and in many other classic texts.
There are many benefits of Electronically steerable, phased arrays (ESA) in the defense industry -particularly when used in missile seeker systems. In such a small confined space, it is immediately evident that larger, gimbaled seeker systems require a great deal more area than an electronically steerable array. In addition, power requirements and heat management requirements must be addressed. Active array prime power requirements are significantly less than conventional phased array requirements and are expected to continue to improve as the power added efficiency of power ICs increases [2] .
Other benefits include the ability to offer rapid beam steering, element weighting and multiple beam generation. Rapid beam steering can be utilized to switch between multiple incoming targets or multiple beam generation can be used to track multiple targets at the same time. Monopulse tracking is easily obtained through multiple beam generation by segmentation of the beam into four quadrants to track incoming targets via delta azimuth and delta elevation signals. Electronically steerable, phased arrays can be used in Synthetic Aperture Radar (SAR) systems to image a scene which can then be matched to information provided from an external sensor to identify the most desirable target [3] . More of the advantages of the ESA can be found in [4] .
Historically, electronically steerable phased arrays are designed in two ways, the passive ESA which utilizes a single transmitter and receiver and the active ESA that utilizes multiple Transmit/Receive (T/R) modules, typically one per radiating element. Of particular interest here is the location of the Low Noise Amplifier (LNA) in relation to the radiating elements. To achieve the best performance from the array, the LNA needs to be located as close as possible to the radiating elements so that very little signal loss occurs before the first amplification on receive. In the passive ESA design, the phasing network is placed between the LNA and the radiating elements. This layout increases the noise level in the system as the signal experiences loss traveling through the phasing network. The passive array utilizes only one, high power transmitter.
In the active ESA design, each radiating element is fed by an individual T/R module each with low peak power compared to the single transmitter in the passive array design.
In this case, the LNA can be positioned immediately after the radiating element and the location of the phasing network is not of major concern. Figure 1 gives a comparison of the passive and active array designs [5] .
To create circuits with such high levels of integration on a single substrate requires an exceptional level of reliability from each of the individual components used in the final system. Fortunately, phased arrays are considered to have graceful degradation in that a few components can fail and the entire system still performs with modest reliability. Regardless, in a military environment and especially in a missile seeker, the reliability of the components is a key performance parameter of the overall system. Some of the components of the phased array will be discussed below along with their functions and possible problems associated with the integration of these components.
A simple layout of a radiating element and its associated T/R module, including phasing network, is shown in Figure  2 [6] . This combination of the standard T/R module and a radiating element associated with the T/R module is known as a Phased Array Module (PAM). This design utilizes only one phase shifter for both the transmit and receive chains. In many cases, the phase shift operation is performed at RF, not always IF as the figure shows. Radiating Element
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High peak power tube Transmitter/Receiver Array Array Low peak power Individual T/R modules Phase shifters A key component of the receiving side of a T/R module is the Low Noise Amplifier (LNA). The function of the LNA is to amplify the signal, doing so with the addition of very little new noise. This component should be located as close as possible to the radiating element so that it captures the incoming signal and amplifies it before any additional losses or noise are experienced due to other components. The goal is that the gain of the LNA should be large enough so that it overcomes the addition of noise that will be contributed by the rest of the system. Because of these characteristics, the LNA gain and noise figure determine the noise characteristics of the receiver. Following the LNA, the signal passes through a narrow-band filter and into the mixer where it is down-converted to an Intermediate Frequency (IF). This down-conversion is accomplished by mixing the RF signal with a signal generated in the Local Oscillator (LO). The results of this mixing generates not only the IF (f RF -f LO or f LO -f RF ), but also harmonics of the IF, LO, and RF frequencies which must be filtered out. From here, the signal passes through the phase shifter and eventually on to the signal processor [6] .
The transmit side of the module uses many of the same components as the receiver. Like the receiving side of the module, the signal is upconverted to RF and then passes through a phasing network. The key component of the transmit side is the Power Amplifier (PA). Because solid state amplifiers are low power, several devices (transistors) are required to generate the power needed for most phased array applications. The large numbers of transistors in combination create an immediate need for heat dissipation. This can be accomplished by fabricating the devices on a thin wafer which reduces the transmission path from the heat source to a heat spreading material such as SiliconCarbide (SiC) or diamond, or by creating a thermal management within the layers of the substrate itself [6] .
RESEARCH AREAS FOR PHASED ARRAY ENHANCEMENTS
One area of research for phased array enhancements involves the use of RF MEMS (Microelectromechanical Systems) switches in phasing networks. To support this research, the RDEC is exploring piezoelectrically actuated structures for RF MEMS switches that offer relatively large actuation forces compared to the alternatives, thus offering the promise of reducing stiction efforts and thereby increasing reliability [7, 8, 9] . In addition, we are constantly monitoring the progress of commercially available switches for possible use in phasing networks.
MEMS switches present an opportunity for greater cost savings by reducing the number of Transmit/Receive (T/R) modules needed in an active array system. In current active array designs, the Low Noise Amplifier (LNA) is located immediately adjacent to the radiating element, hereby amplifying the received signal at the earliest point while adding very little noise as shown in some of the current design configurations in Figures 2 and 3 . Because MEMS switches are low-loss devices, it is believed that MEMS switches will create an opportunity to locate a phasing network between the radiating element and the LNA. This will increase the potential cost savings of MEMS by allowing designs in which one T/R module feeds several radiating elements. Current T/R modules, particularly PHEMT designs, are capable of operation at voltages exceeding 10 Volts thereby allowing the component to produce the necessary power to drive multiple radiating elements as shown in Figure 4 .
Figure 4. Possible design with low-loss phasing network in which one T/R module feeds several radiating elements.
In an expendable device such as a missile seeker system it is increasingly necessary to reduce cost while maintaining overall high performance levels. T/R modules are a large part of the overall cost in a phased array system, due to their highly fabrication intensive substrates. A reduction in the number of necessary T/R modules will greatly impact the overall cost of the system and the small loss associated with the location of the phasing network can be overcome through engineering trades in performance enhancements.
Current unpackaged MEMS switches exhibit losses of approximately 0.2 to 0.5 dB at Ku-to Ka-band frequencies.
Packaging of the switches greatly enhances this loss, often increasing to 2.5 dB per switch. This leads to another phased array enhancement possibility -not only in the area of MEMS phasing networks, but for the overall systemhigher levels of component integration onto a single substrate with minimal packaging of entire subsystems.
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The main purpose of the research effort is to explore the highest possible integration upon a single chip, or wafer, for use in phased arrays including the inclusion of the radiating element and the necessary feed networks to connect each radiating element to its associated T/R Module. To begin with, consider a single radiating element fabricated on a silicon, GaAs, or InP chip. With the large amount of space between the elements of a phased array utilizing λ/2 spacing (or near equivalent), it makes sense to include T/R Modules, phasing networks and the logic control needed to drive the system on the same chip. In addition, the back side of the chip can be utilized if necessary and fed with vias.
Current technology trends in the field of T/R Modules for phased arrays are centered on the use of the High-ElectronMobility Transistor (HEMT). The choice for high frequencies where low noise figures are required (such as in missile seeker applications utilizing T/R modules) are the GaAs and InP substrate based HEMT devices [10] . These substrates are highly fabrication intensive and therefore expensive. It does not make sense to move additional devices onto these costly substrates. Instead, this research is centered on moving the HEMT substrate T/R Module onto a much cheaper semiconductor substrate. The T/R Module can be flip-chipped (preferred) or ribbon bonded to the cheaper semiconductor substrate. Additional information on current technology trends in T/R Modules can be found in [1] .
SEMI-CONDUCTOR SUBSTRATE ANTENNAS
To explore the feasibility of radiating element inclusion on semiconductor, a patch antenna has been designed and is being fabricated on a wafer using a gold etching technique. The patch antenna was chosen for the proof of concept due to its ease of design and manufacturability.
The patch was designed for a substrate dielectric constant, ε r = 11.9 and for a center frequency of 35 GHz. A substrate height of 275µm was used.
The width of the patch was calculated using: Where f is the resonant frequency of the antenna, ε re is the effective substrate dielectric constant, and ∆l is an additional line length added to either ends of the patch length to include the effect of fringing fields at the ends of the patch. Note that the literature gives several equations for determining patch length and width dimensions and all have been developed for use with much lower dielectric constants than the 11.9 of the current semiconductor substrate. Therefore, the equations listed above were chosen because the results were better in the early simulation studies for this particular substrate.
The resulting patch design presented a VSWR at 35GHz of 3.3, from which a quarter-wave transformer was developed as follows: substrate are shown in Figures 6 and 7 as simulated in HFSS. At the time of this writing, the antennas have been fabricated and diced. The antennas should be ready for probing and range testing within the next few weeks and some preliminary results may be ready in time for the conference. Laboratory evaluations to determine actual radiated power, substrate losses, radiation patterns, and gain will be conducted. In addition, other substrates including GaAs and InP will be considered which will be less lossy at higher frequencies such as Ku-and Ka-bands.
The PAM is the name chosen for the full packageincluding radiating element, T/R module, phasing network and logic/control devices -to be incorporated onto a single substrate with minimal packaging. As chip yield increases, multiple sets of phased array modules may be able to be incorporated onto a single chip. 
FUTURE RESEARCH
The next step in the research process will be to create a traveling wave antenna for use in the PAM. This will most likely be a Linear Tapered Slot Antenna (LTSA), once again etched with gold on semiconductor. A small phased array will be designed and built using the LTSA elements to demonstrate beam steering and proof of concept using semiconductor substrate antenna elements. Following this process, several simulations will study true semiconductor antennas using doped semiconductor to create the radiating elements. It is assumed that a GaAs or InP substrate will be used for these studies to enable use at Ku-and Ka-band frequencies.
Areas for continued research in this area include thermal management and packaging techniques. Efforts to minimize packaging to reduce loss in not only single components, but throughout the entire system are and will continue to be of high importance. Our hopes are to enhance performance while creating smaller and lighter systems for use in a military environment, with the ultimate goal being to protect those who serve.
